. ;e3ekzh406&TzEM2  COATI NGS FOR BI OVEDI CAL DEVI CES Field of the Invention O
6 MAY 2003 5 This invention relates to devices having gas-phase deposited
_coatings. Mre specifically, this invention relates to devices, sulh M¥ 2003
"bi omedi cal devices, with gaspliase deposited vinyl pyrrolidone, N,

N -di net hyl acrl yam de, ethylene glycol, vinyl acet vi nyl acetic acid,
acrylic acid, and 3,3-dinethylacrylic acid coati ni@m M’“mﬂm;on-foul I ng
and wettable. 10 Background of the Inveption The osition of
surfaces plays a pivotal role in dictating the overal Mégésti cacy of many
devi ces. Sonme devices require non-fouling, and wettable surfaces in order
for the devices to be us TING'S FOR BIOMEPIOAL PEVICESS. For t5 exanpl e,
many bi omedi cal devi ces such as catheters, stens, inplants, intraocular

| enses and contact |enses require surfaces that are biologically

non-foul ing, which neans that prg{e&d Bfthe Ihwnflss and cells do not adhere to
the surfaces of the devices. In sone cases, materials for devices are
devel oped that habis inyantion gelates tosdexiops having gastpmsé depashed codtings NNfode

o gae ¢ afiesRath BAGVEnER RS o dePleEE ich ax biomedital dexicst vsh ghon | n
use. In thepkasedepssited Wge pmdﬁdaa&,qv,ir@*-ani‘eﬂ{gtl&cgga@fd@f Eh5leRk gpﬁg}’gkno ed or

an attenpt to change the surface characteristi I’s made.
In the specpgetate,cary ageticcanid, acrylioacidpandao3-dimethylecrylis acidaobhtings! thitl are cont act

25 | enses, g h n | ymeric materials possess the necessary
nmechani cal ,R@%’E‘ﬁgﬁgﬁﬁéﬁﬁ@&n and optical properties required for |ens
manuf actiare, nmany potential contact lens nmaterials are subject to rapid

fouling due to the adhesion of proteins, |ipids. Additionally, the surface
energies of the materials may Beckgeoyundefithedrvengionhe contact |enses too

hydr ophobi ¢ and, Thj Qﬂﬁﬁi%leconﬁggitigﬁ&' §baGed a}shaepi58taaf rG1e i éigtiaghg the
overall efficacy of many devices. Some devices require non-fouling, and wettable

surfaces in order for the devices to be useful for their intended purposes. For

15 example, many biomedical devices such as catheters, stents, implants, intraocular
lenses and contact lenses require surfaces that are biologically non-fouling, which
means that proteins, lipids, and cells do not adhere to the surfaces of the devices. In
some cases, materials for devices are developed that have all the necessary attributes
for their intended purposes such as strength, optimal transmission, flexibility,

20  stability, and gas transport except that the surfaces of the materials foul when in use.
In these cases either new materials for the devices are developed or an attempt to

change the surface characteristics of the materials is made.

In the specific case of contact or intraocular lenses, particularly contact
25  lenses, although many polymeric materials possess the necessary mechanical,
oxygen permeation and optical properties required for lens manufacture, many
potential contact lens materials are subject to rapid fouling due to the adhesion of
proteins, lipids. Additionally, the surface energies of the materials may be too low
making the contact lenses too hydrophobic and, therefore, not wettable by the tear
30 fluid.
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. 0 6 MAY Z003 The coating of bionedical devices using plasma treatnent and
deposition to alter surface characteristics has been disclosed. FQWQW§WW3
‘such nethads have a nunber of disadvantages including conplexity, problens
‘with coating uniformty 5 and depth, and stability. PCT/US90/05032 (Int.
Publ i cation No. WD 91/04283) discloses increasing the wettability of
polynmeric contact lens materials synthesized fromspecific hydroxy acrylic
units and vinylic siloxane nmononers by grafting other nolecules to the
surface. The only exanples of the proposed grafting procedure described in

t hi tent i | tt h . of, s i fi | | b hem | 1
Al B A% NN L I
grafted tgdrRarfaaeetatdteriyids Ha%ee&aisgbgé@gg\g@gbgaagché@ﬁ%@w grials by

radi ati on nmethods. U S. Patent Nos. 54, descri be the
use of | ieumbercfalisadyantagdsincjudisg complepityproblemsweith edating uyiferfmipont act | ens
pol ynmets. _ln,these .procedure. radi cal.. pal ri | e precursors,

i ncl uangaWQﬁp@f‘"gl ﬁ’tﬁe?ﬁiﬁg?&bgéz te %Hé&ﬂégﬁ% W@QH 3)l enses by
exposur e #igclobailinereasiay tHeaMttibilRy of i ment
processes p‘r: ovi d_g pocgggcontr_ol g?otﬁ%%ﬁ%%ﬁ@??ﬁ%igkghgggﬂééeﬁﬁl s
exhi bit pBem speeifisi hydroxysicsylicrunits apd vinyticsidoxapewhenomers by pr@tingoother
polysilic rat es. 2o..The .need still .remains, for..,.a stab)e coating
CONposi t | %%Fﬁcﬁgﬁéé}he Pikfact, The oty € ?JB@F%H}‘QF?(&”?W gaftingprgesured to a
subst r at edéxcribed! Bi/ibipdtént vV itaBhm et - i icaP’

hydr ophi |'i c, nsurfaé?.ep.ZS Descri ptai on&ngf? ed?ﬂegﬁgsﬁo%%?é@g erred
Enbodi e nPEpcedieres,ibus this patepsrdoes siggesithatbydmxly adexlicomsts maytbergraftédool i ng

coati ng CAIR L.t ong_and processes for produci.ng .such, devices.. The coating
CONposi t i on58§¢'§6?‘8§’°§ﬂ¥ raf:&é'géﬁf’ﬁ%ﬁe pgfy ‘f’ﬁ'lzwﬂ;hyrf- tahign ds.net t abl e,
devoi d ‘of extractables and chemcally stable. Further, the coatings exhibit
excel l ent optical transparen e 30 visible region of the

in th
el ect r omagnet i &-8ptatentNgs. aisgxélﬁgg%lﬁé@ﬂé%#%ﬁbam usecof diguidsiosting esi st ant .

06 MY 2 _ ) A ) ; P oot
essent | ai [ mhlEs R fRTRve P \RARbE & QHlabffal pORMEE BYHE PRG0S, 011 1
ef f ectisvefraeradital polymerizablerpgecuestps) sncluding hedrosy alkad methacolgiesate ON bei ng

formed by the gas pha
Y antached 6 cgntagﬁenses by exposure to high energy radiation. However, these

solution attachment processes provide poor control of the film thickness and these

films exhibit poor abrasion resistance, particularly when attached to polysilicone

substrates.
20
The need still remains for a stable coating composition that can be uniformly
applied and that can be applied to a substrate of a device to provide a non-fouling,
and wettable, or hydrophilic, surface.
25 Description of the Invention and Preferred Embodiments

The invention provides biomedical devices with non-fouling coating
compositions and processes for producing such devices. The coating compositions
provide surfaces that are uniform, pin-hole free, wettable, devoid of extractables and
chemically stable. Further, the coatings exhibit excellent optical transparency in the

30 visible region of the electromagnetic spectrum, are oxygen permeable, and are

abrasion resistant.



- 5 polynerization of a gas conprising, consisting essentially of, and
consisting of at |east one nononer, said nmononer selected fronlt@ﬁ @
consi sting of vinyl pyrrolidone, N, N--dinethylacrylam de, ethyl éqgﬁ@ ol ,

‘vinyl acetate, vinyl acetic acid, acrylic acid, 3,3-dinethylacrylic acid,
and m xtures thereof. 1o In another enbodi ment, the invention provides a
met hod for manufacturing devices conpgising, consisting essentially of, and
consisting of contacting at |east one surface of a device with a coating
effective anount of a coating conposition, said coating conposition being
formed by the Jhe ppasemdnyemtipnprovidesiadieviek compaisingpogqusisahg gssestidllyi St i ng
essenti al | and, consi sting of at |east one noponer, said 15 nononer

of ,
sel ected P and epRsi g8 A5 2t lsAstioBe syrgaceihaying s qaating gBe@iveymount of a

N di met hy| acr vyl am de... et ?&'ﬁ}f wh LY, etic acid)
acrylic alécl?aglrnéff% §1"§?‘Fr'8ﬁhéyawa‘§d@§?§ é&g&gg,@ﬂaﬁ%h% X uratgg t?%:g#eﬂcl)\??ec Preferably,
t he dewi cpolymefizBtionelh ga3lcothpyisiag, conyistifg esyentiatlyl ofdend comsisiisg fatmeant a
devi ce designed to be used while in or on either or both human tissue or
fluid Exlgapens menamerysaithpopemer s¢lecteddromithegroup copsistgiobNinydt ent s,

i mpl ant s, r{p N\&! .6 | . 0or e enbodi ment,
the. bi one BT Eanda, i NPRim B3I fe, SRRER oy hIPARPrRAICL RN BB D00 o0
contact oacidndorlicadidr3,3-dimebyladhlic agid edndrmixkyres theeeoflevi ce is a cont act

| ens. 25 The devices of this invention may be nade of any suitable materi al
or materials such as polyners, ceramcs, glass, silanized glass, fabrics,
paper , gtet al S, 13h@Rbrditbdiihéh:Sthe HvehGO pr A3 methibd fdi MisReANHinOC! S, and
m xtures thereof. e nore pre‘ferreg matgna s are silicone an ilicone
cont ai ni ngevioepasprisings comsisting eSsentidlbnolS and) donsisting wiieontictingalt Jeastet hanes,
and hydro%els, and Jm xtures . of these_materials, ;l'he nost preferred

mat er] al o OBF SUEHEQL SV FRAE A SRIGETRRIVE AR} of 2 CoRBEFOMRSIIONS 4 st abl

tear fil %a%m@c&hﬁdsa%%nﬁhhwwm@gﬁsm erﬂah@if%fﬁhﬁ‘éj et hyl

gl ucosi des, fluorinated hydrocarbons,” silicone hydrogels, )

pol yur et haampsisingcconsistipgiessgutiadly of| andrdonsisténg ofjatieashensomongmierospid s,

pol ysul fones, and m xtures.thereof. .Illustrative. sili s include, wthout
7t ald ofPogaiey aFiSHiEn oo ST opiRe TPl SHagne N ety 1 | oxane.
silicone rdihbdyRceesmide @Bylefe glyéol, Vinyiedtetab) vinyl dedicaéid, acrylit aeiae bl ends
such as those described in U S. Patent No. 3,341,490, and silicone

conposi t i drisdimethylaerylie aeid; andgnixtures therepht ent No. 3, 518, 324. Useful to
silicone materials include, without limtation, crosslinked polysiloxanes
obt ai ned by crosslinking siloxane prepol yners by neans of hydrosilylation,
co- condensat i orPrafesiatby, the devicenisa bidmedicdd devisers By PhidmeglidahdéwiceSis t abl e

mat eri al s are organopol ysil oxane pol.yner m xtures t readi | y under go
hydr os?{ yl%?q“bﬁ.d%%ﬁﬁe dP Fnk*l"""éi why 112 9 f&?ﬁ*@ﬂ ?%Rﬂrt]@é‘l‘@a%ﬂifu Plri de

radi cal' s tfiad. BRAMBISSf GicARVicE HBRIAS, Witiout BindifafiofWéds, ImpR¥dsensi on and
crosslinking reaction and are of the ‘general fornulation

pol ydi hydrcathetdss,| and ®phihalpin Jehsesc dnisyherie| pssferred gmitodiment, the biomedical

pol ydi hydr pcar byl - ¢ rocar byl rogepsi | pxane rei n.the hydrocar byl
radi cal s e@"’ﬁd%ﬁ’\],g}"é' '“ﬁ?,g%@r‘@db‘}% g’éﬁﬁ‘:’tﬁ@%ﬂ%’h@@“&%ﬁ“ﬁ%ﬁal s havi ng
1-7 car boneme® ™ost Pféfamlggheuéﬁb@utaddnmct&hk.on, met hyl, ethyl, propyl,
butyl, pentyl, hexyl and heptyl; aryl 2o radicals, such as phenyl, tolyl,
xyl yl, 2bi phenyl ; hal oaryl, such as chl orophenyl and cycl oal kyl radicals
such as. cycl oPophy hevied o Qe bodH lay BErlali Bf e SiitiBleSplbligr T ed mater i al s
are silicone hydrogels, particularly “siliconehydrogels torned from nononer
m f(t ur ?S ahatlaﬁlalﬁelnmz as:;scﬁ?pge,dcl;emhms,l dlaxs psilanizod Emgdh\?}ﬁulsr paper, metkly,

pol ysi | oxanyl al ky met h) acryl at e _.nmononer, an rophili.c n rs as
descri bed ﬁlﬁﬁn@%.mwﬁ,éﬂtwmo@% 3‘9?9'@3%"@%@8?‘&5‘,‘ reshereoks The 023 305;
5,034, 461, ; ﬁé}% 4 : : ; ials:idacl ude
cyclic polwéllye?}g’f"e a l?(ljxy zlﬁ géggﬂcg%éo%nﬁ‘ﬁ&{sn&% g%gﬁﬁ?g%ﬂ?%ﬂ%ﬁégg%@i bed in

U. S. Pab entlendssandcop8lymets), polyiréthanes, ardlhydrogels) and mirmresdf thespl i cat i on
Serial No. 081.712,657 30 filed Septenber 13, 1996. of the patents cited
above are PAEHR orﬂi‘éﬁpﬁ‘ Hrelfﬁé‘i%rm@%?‘ﬁ? @’Eﬁ%@"r@@?f"‘ﬁ@%@f”é’? W@BR" d 6 MAY
2QB The coating conpositions of the invention are fornmed from gas phase
deposi ted nononers of vinyl pyrrolidone, N, N -dinethylacrylamde, ethylene
5 glycol, vinyl acetate, vinyl acetic acid, acrylic acid,
3,3-dinethylacrylic acid and m xtures thereof. The nononers are
commercially avail able or may be synthesized by known net hods. The coati ng
conpositions of the invention are stable and adhere to a w de range of
materials. The wei ght average nol ecul ar wei ghts of the nononmers are
preferably | ess than about 400, nore preferably |l ess that about 300, 1o and

o, o " I P . o " Y .




- 15 are selected fromthe nononers described above. The preferred coating
conpositions are substantially a single nmononmer. In the case in %@Uzﬂg
mononer used is ethylene glycol, the nethod of its application to Q ce

‘is selected so that the surface preferably is provided with a 20 coating
conposition in which the outernost |ayer of the coating has a ratio of

car bon- oxygen bonds to carbon-carbon bonds of greater than about 1:1, nore
preferably greater than about 1.5:1, and nost preferably greater than about
2:1, even nore preferred is greater thin 2.5:1. The costing conpositions
havi ng a higher ratio of carbon-oxygen bonds to carbon-carbon bonds are

pref err ed, sthife eass E1MT suchiAs Q\rﬁsne%Ss.newﬁefrﬁl%a Bendd) QYIS mah%labi lity
characteristics. The preferred method for deposi'ting’ the coating

COMposi t i csigcwdﬁhﬂumd}mde@car@nb,wlgame bidrogeld cpaigireihane-silieomeuse i t
rovi des atin e de tion ans by an
P thod & hostiSheRt SRR FEaREabn R oath R ToPRS. B MUKtas derete 2 o

surfacescoating. Gas phase depositions 06 I\/AY 2003 6 i nclude, wthout
limtation, plasma and phot ochem cal induced pol ynerizations. Plasna
i nduced poI yrrerl“z-atmbvssxbcrorps shuelegdwitbmit linvtasion, polpdimethyl sitatanepslydue to 5

t he gener of fr al s c sed SS e trlcal di schar ge
t hr oggh a éj‘ yll‘ffé’ ‘é‘f’ ’f)’gﬂ oxﬁﬁ"%é n@éﬁgggﬁ{lgg@ Ubé/ teghNgol t age )
met hods, e3 Q.h.9174ﬁ| dilféonablends Gidh'as '@ﬁos@ d@gn})ed)fn Uig Palenf No! $541 ﬁ9(pgna or by

el ectromagnetl ‘c met hods, such as, radio frequency ("RF') or ricrowave.
Al t er nat i vs;hgonetmmamngsq@ra;dembcam Ues. d’atentblo $,518,324.nYseflot ocheni cal

d t to d f. t f
sut Fr oiien; HREIef R indv P minCcirinibrd BraslbinftetiaphlBe{ oo
speci es caa@bélﬁu@f slla;xueaﬁrbgayﬁ&stﬂyqnmlsbmydréﬁlylaﬁbrpbei‘csﬁdimsm?ﬁ angr e
preferred rret hod of gas phase deposition is by plasnma pol ynerization,

par t i cul ar Py firgrasliea mechanismer Partieulanly suitgble matedals ere asgangpolysilexasescr i bed
u S
entirety b VAL PRRUEA U el unlligd Mourblivaadd UM B A R, ol | ngam

e_t al., "VinybtadivalssandSiydfide Fadicals thati setveals chisslinkting bitdsduMng chith sed RF
Pl asma Dlscharges " J.Biompter. Sci. Polyner Edn., Vol. 5, No. 112, pp.

131- 1455( 1998ysion,apd erapdinking fgackior @nd ate of theggneral fermutatianor i ng of Surf aces

Vi a Pul sed &;%ﬂ%,pipg?ggﬂ Pol ymer

Synposi um ggﬁ g"&’ 123- 14 A?{dlr lsrl%é?lgé?&g R?Z*dép%ﬁlg%ﬂgﬁor entireties by
rlef erenceI hydroph'bflhtydtdgenls,lloxmmtswlgsexmtl& hydmerh.ydachdwatlssart::mbgsuilétgp?_s vi a "
pl asma po ri i on.of selec rs. u ontrol I ed conditions. e
pl asma is gg&&ﬁ'@% ragdi g gﬁyyﬁ?@fﬁ»@v@gﬁd‘ﬁ P alomal ¥ ment er nal or
external lufthelekmitesas rdqua,t&syna;sr@yﬂdb&tbp pemyembsayl 488 gah@r of a

reactor. Surfaces to be coated are gre erably l'ocated in Re r eact or

bet weerf0t hEadigals sueh asphenyl, taivlexdyl, biphenyihaloarnsh suehasishlorephengbandi t her
before or gfh8incdNadichR bR clopBityl, SPGbREy, Sn8 RS €d tO

The more preferred materials are silicone hydrogels, particularly silicone-
hydrogels formed from monomer mixtures of an acrylic-capped polysiloxane
25 prepolymer, a bulky polysiloxanylalkyl (meth)acrylate monomer and hydrophilic
monomers as described in U.S. Patent Nos. 5,387,632; 5,358,995; 4,954,586;
5,023,305; 5,034,461, 4,343,927, and 4,780,515. Other preferred materials include
cyclic polyols of alkoxylated glucose or sucrose like those described in U.S. Patent
Nos. 5,196,458 and 5,304,584, and U.S. Patent Application Serial No. 08/712,657
30 filed September 13, 1996. All of the patents cited above are incorporated in their

entireties herein by reference.



- background pressure using a vacuum punp. A fine nmetering valve is opened to
30 permt vapor of the coating conpogsiti'on to enter the reactor. TUEWAY mgg
pressure and flow rate of the nononer -through the reactor is contro d by

"adj ust.nments of the 0 6 ~~Y ~la3 netering valve and a butterfly control
val ve (connected to a pressure controller) |ocated downstream of the
reactor. In general, the nononmer reactor pressures enployed range from
about 5 to 200 mli-torr, although val yes outside this range can 5 al so be
utilized. It is preferred that the nononers have sufficiently high vapor
pressures so that the nononmers do not have to be heated above room
tenperature (20 to 25C) to vaporize the nononers. The chem cal conposition
of a fil m obtaingd .| 3 hid [ 550;;)@“1‘ unction of
the plasnma varia ee%%h%?%@é@%ﬁ%??‘%ﬁbgér 3ntat§ieeﬁ,l5%%g§\%en?&used toinitiate
the pol ymerdepatit@menciies s£einyl pyriclidpies N N edimethybqpeylamede, Rbylsheisma. process

under pul sed conditions, as conpared to contjnupus ve (~.CW..). .because it

i s possi bl eglwplewp)’b%ﬁeﬁ&é’tmb%“)'ﬂcIa&‘tdg%“ﬂé’a%‘%g\r\g':dg“%ﬁyliaﬁéhf A€ 3 s e on

initiation st | ' Mall e lshespiedse of
dnﬁ@rg\gg}ge}f qg”%%?dn%@% dfe hﬁ%t@r‘é:gil af1 Y8 lor B4 be st

the coatin ul’srng neans t ower to produce the plasma is
fumed on angy Ridwn Hethody.cThe coatingeompositonsedithe inyentiondase istable and adlrer age

Power - plasma on tinme X Peak Paower plasnma (on,+ Qil t.i For exanple, a

pl asma depot$i & Wisle 1ange ofJpatenia S-aTh?aWRSLbQYFVSé%‘r'gc“gF ‘ﬁl‘gﬁ&g Ogg"eZS and 200 s

off and a p@gho&g e B{eﬁ&ﬁg%ﬁ $hanQbb RSO MErd &eﬁeaaay@ésamnmmrsoof only
nerally, e ty cyc

1.2 watts. l'e, the ratio of plasnma on to plasm off
tismes, i19 | esdmobapreferubly leds than pb@ft 86@bl y about 1110 to 111000, nore
preferably about 1110 to 1 /30. The plasma on tines are generally |arger

t han about 1 psec, preferably about 10 ~tsec to 100 nsec, nore preferably

about | 00 sec t o iBRs of the iveRSorIRa¢ balthe/redlleof the ger t han about
4 psec, preferabfl}éa %ﬁiﬁ%fgl?og@ec to 2000 msec,?m)r,e pref erably about 200

sec to 100 polyewerizitien sisakstButially a ingle mopemen 9 ofcx MEGWE AL MANOMETSand 300
Watts. 30 0.6, MAY 20Q3. Pul.sed pl [ 11 ) atively
hi gh peak p%‘?‘g“mq ”89§\°Mff%§'§ﬂgﬁ§”%ﬁ%’?§£¢ %Wgﬂ%é@ﬁ?ﬁ% %bS%r age
povers Wy Chrdéehatt&deForh We mbBRomers described above. The preferred coating

compositions are substantially a single monomer.

In the case in which the monomer used is ethylene glycol, the method of its

application to a surface is selected so that the surface preferably is provided with a
20 coating composition in which the outermost layer of the coating has a ratio of

carbon-oxygen bonds to carbon-carbon bonds of greater than about 1:1, more

preferably greater than about 1.5:1, and most preferably greater than about 2:1, even

more preferred is greater than 2.5:1. The coating compositions having a higher ratio

of carbon-oxygen bonds to carbon-carbon bonds are preferred, because of improved
25 non-fouling and higher wettability characteristics.

The preferred method for depositing the coating compositions on the
substrates is by gas phase deposition, because it provides uniform coating
compositions. Gas phase deposition means by any method the gaseous monomers

30 are attached to the solid substrate as a surface coating. Gas phase depositions



. retention of nononer functional groups. Coating conpositions deposited
under |ow 5 average power pul sed conditi'ons tend to be nore adhesj to a
gi ven substrate when conpared to filns deposited at the sane avef%é&’ﬁw%er
‘but under CWoperation. For a given average power, the nonentary hi gh peak
power avail abl e under pul sed conditions apparently assists in obtaining a
stronger grafting of the filmto the substrate than that obtai ned under the
same average power CWconditions. to Fog a given RF peak power, an
i ncreased retention of the ether content (C-0 functionality) of the plasna
generated coating is observed as the plasma duty cycle is reduced when
working with a given nononer. Alternatively, the chem stry of the coating

conposition may be varied under pul sed conditi,ons rking. at a single 15
pl asma dut yinglpdeewithqut lightalipngPlasak %Megﬁem é"f%eg%rmﬁ%%%
I ncor por ati . ' ' ' L 0 Lt | eak
power is i ngirﬂégg’fsaé@ugﬁggg zfg%%dddlé)réé?gfs@g%% %’%@?S@E@H@ﬁ%ﬁ%sgg@}/ﬁri ed by
changi ng st hfheF%eﬁSﬁﬁonﬂoﬁ feeeriadizale cadsed by passing ait ¢lectriasl dischasgedhroagh ® of

p

pl asma on to asma of f times and at a fjxed RF peak p wgr., O The chem cal
conposi ti on8e§ Theceleqtrial dischange san beeaysedoby h‘ﬁg"ﬁ agedF‘FgH HHPEg pul sed

pl asma depogy,f i Qf Vi wer tion of
Phe piasma. Sibnilie et ACY of B AR AN DL A S5 cRARRendlindlioh

aver age powslich &N fadidifequentn(RIYvemicrdwaye. oilternativetyiabe coptiog pparssst i on wi t h
the 25 preferred ratio of , COQ functiopal,ity, t C—Cfunctionald'eg%, it is
preferred t FaR be FRITIEG QpLRRN chgruiqa,indy YHPIEHons aHBOMGeERYi s | ess

than abo ﬁggct%%%r?ﬁgﬂgﬁ ?hd}ét%{/@{sﬁmcfknlt @ﬁé“rﬁ% R Ereafd Free rdficii§ hhdor MOST

preferably l'ess t ts. -The ghest ratios of CO

functi onal i tefectronicalfy éxvitet ispetidsicapatd@of initiatibn af thecpolymerizdtion fvaressge  Powver.
Is about 1 Watt and | ess which provides the nost non-fouling and 30
wettabl e coating conpositions; however, depending on the coating materials,

typical ly when t hgeGogleidierefiBd ficitdidf BA€pimkP déRsiitiin i8 By pldfmage Power around
0.5 0 6 MAY 20036V\att£?or ess, theggﬁesi on_of the g?ati.n conposi tion

to the surf polymerzatien,tpactionzaly R plaema pelymerizatiomnThis prressais fathe use of
e B s e R SR A, 2 e SRR, 9 0P
condi tions &ntitedyBY réféRN3E CABEIMBAal descriptions danfbedfoand hrlParhalingain é lak, pol yner
frimto “Molecular Surface Tailoring of Biomaterials Via Pulsed RF Plasma Discharges,”
J Biomater. Sci. Polymer Edn., Vol. 5, No. 1/2, pp. 131-145 (1993), and
Panchalingam et al., “‘Molecular Tailoring of Surfaces Via Pulsed RF Plasma
20 Depositions,” J. App. Sci.: Applied Polymer Symposium 54, pp.123-141 (1994),

incorporated herein in their entireties by reference.

In this method, coatings are deposited on solid surfaces via plasma
polymerization of selected monomers under controlled conditions. The plasma is
25  driven by RF radiation using coaxial or parallel internal or external RF electrodes
located around the exterior or interior of a reactor. Surfaces to be coated are
preferably located in the reactor between the RF electrodes; however, the surfaces
can be located either before or after the electrodes. The reactor is evacuated to
background pressure using a vacuum pump. A fine metering valve is opened to
30  permit vapor of the coating composition to enter the reactor. The pressure and flow

rate of the monomer through the reactor is controlled by adjustments of the



- the underlying substrate. Thus, the plasnma coating process involves
sonewhat of a 1o conprom se between retention of nononer integrity,] %
plasma generated filmand the strength of the adhesi on between the“b@@ aﬁé
and the solid substrate. In the case of contact |enses, the adhesion and
~overall stability of the coating conposition to the |lens substrate is an
extrenely inportant consideration. t s A preferred nethod of applying the
coating conpositions to the surface isqby gradient |ayering pul sed plasna
deposi tion, which can be used to maxi m ze the adhesi on of the coating
conposition and the functionalities present in the coating conposition.
Thi s met hocheteringombve dndd uttetflyeconitnol LalveS(corneated torppriessusg cantrollen)i al  No.

08/ 532, 935%&&@\’5}5 gﬁgﬁ&bﬁ?&%ilég%aiﬁiomr%é% h lgﬁ%‘?f%g duty cycle
is 20 enpl t t Yok idh g‘?{ﬂ% ion tightly to
the under| gl g 95ldedtéin aJ0IR SRb2BUTiALbY, Athblgh valueBRGGN D! fangdoar eased

I'C manrer, wt h

in a systena each decrease resulting in an increased
retenti gn afsotfeaitifizéd.f lticprefenatiithat themommmers haveepffitieatlphighaapor s

t i nated wh th teri filml h d the desi

Compos, t | oiPreseHes SuBBbUERARomert it AoV ByeIeoe BEREF Bovt FErh RPsEure gty i

conposi ti orz b'? 5548)?95%%%3%(;&558&%}5.“ romthe preceding one, results in a
t?y N6t e’adhes e

significan I've conposl coating conposition bonded to the
substrate than coatings deposited w thout adjusting the deposition

conditions under _a relatively | ower_ plasm duty, cycle. 3q Gas:phase
deposi tions, parTheehemica) compasioryeh WP@H@&&PG&BE%‘B%@?‘F&’ ¥8ctive

amount s, of coati-n af‘hgr{ [ [ REYAVQRBE t 06
MAY 200é(9~osqrc@g|ﬁé'g¥@£’iog!$§i%s?n e@@#g@@g{@, pi cg‘lﬁliﬁ&mguch coatings are of
subst ant i alinjtiatenhé Polynidnzatioreprocesses. df ispnefarred te opasate the plasma procestness of
the coating conposition, js about 5 A and 5 Vi . eraply about 50
A and 1 Vi nﬁ‘“d&hﬂmﬁ?ﬂs?‘)"ﬂft%aétﬂ"?m&ﬁad? cﬁ%ﬂ’“ﬂ“f‘;\ﬁg&' 6@‘@? [’%ggeugi'%/or mfilm

t hi ckness r il f bk ldGA gmdmﬁmma'eﬁtrasted
with thi ckﬁ@gﬁ%téﬁcﬂlﬁgtekwsﬂg%?ﬁ@ggumgr ed using pr e:/ilousl y

di scl osed nmtpodie mantaigingradoRraverage pawpt oxsmtheiequsse ofithe,CQAUBE PERSSSS. i near ity
of the thickness of the goating, compositi it it t4 for a

gi ven o 1§l a m&d’t‘?“égﬁé‘e&?&"‘?&%’% r% i}s%l?égggﬁéo@n@dmwmegte. The

coati ngs of a\t,é}h% Wé%&é}rbuiﬁhﬁgﬁ%%ﬁné&&: hydrophilic character of the
surface, particularly of surfaces that are hydrophobic (e.qg.,

pol ysi | oxanes). The extent of hydrophilicity introduced during the plasm

process was observed o is inc;ease&%ﬁwco ent pl asma
gener at ed coati%ﬁ“&% ¥t i ons i ncr l . 'gﬁr acgjs( wﬁeﬁﬂgggﬁ ng

conposi tions of this invention are plasma@nfooffrtmeact | enses and ot her

bi onedi cal devices. The coating conpositions exhibit good 20 adhesi on, high
wet t abi 13%y, hi gh oxygen perneability, and excellent transparency in the

vi si bl e region Ofpo}Qﬁﬁﬁlf%ﬂma%ﬁoﬁﬁﬁ%WRF@myb&bedn bl Mer
surfaces. The adhesion of the coating conpositions to these surfages is

suf fi ci ent | yund 200 dfbandespesk poavennf 2hwrdncorpespandsto@an 8Verass PO X nposi t i on
of this inventi satisfies,t trin i i i 18V I tithek TPT OVe
t he bi oconpé’t’ﬁabﬁgi"f“\}“oﬁ"ﬂgﬁp&gﬁe ﬁ‘é s‘%gg’%ﬁg&dé}rrp a%['éd?&n thi s |%gﬁ]te:§’on has

been pl aced i9[ks§ﬂﬁn%9&5t51¢5, préfeRbH; abdaybte to 111008 anareipréferdblyrabotil/a0 to wi | |
recogni ze that the highly wettable, biologically non-foulin ar ent

. frans
coati ngs2of 1/80.sThewplestna omtimes ategenenally largerthamahoud  Hisec, Pre 'Pblté't‘ﬁ%BH (e.qg.,
ot her bi omedj cal 30_devi ces, biosensor 1 WAl
envi r onnment si0 wesaie AP mses, i"?éﬁ@reiﬁfr@& Pééﬁﬁ?@ﬂ?%@f%f@%@%&%ﬁﬂﬁeg
generally are larger than about 4 psec, preferably about 100 psec to 2000 msec,

more preferably about 200 psec to 100 msec. The Peak Power is preferably between

about 10 and 300 Watts.
30



-0 6 MAY 2003 The invention wll be clarified further by a consideration of

the followng, non-limting exanples. 5 Exanples Water contact an hﬁ@
measurenents were neasured using dynam c (nodified WI hel ny plateg Y Adids
‘for coated and uncoated surfaces. Dynam c neasurenents to were made using
surfaces imrersed in succession in a saline solution. Advancing contact
angl es were neasured under dynam c conditions. The dynam c neasurenents
were each repeated four tines as the ganple was cycled up and down, wth

t he average val ue being recorded for these four neasurenments. Z 5 Exanple 1
An air-dried silicone hydrogel contact lens was first treated with argon

pl asma in cont Pulsedplasma depasitionapermitose of relativiehuhigh peek pewers svhile. The
argon plasma,.pressure was .at _Q.25.tonr. ' The | ens funther.was treated in
oyl ene. SPBRECA R TRk iy R prsradpo il AV B 3 200 o
of f at 10@MertRin df nfondmerfilnttidhal GRo@HC T SRR coRlpdsitiony iepusited wider 1osapor
pressure was kept at 0.086 torn. The grafted |ens was washed with saline
sol uti dn avefage power pulsed gbnditiorstend tobe more adhssivedo apivensubsirate wheront act

Const st enePyPRHAY ikt derfoten o e RPN Fadt R d Pt Retel¥6 T surt ace

wet t abi | i tRor Rived a9BREEPOWEY, theliRbhehtaly 1iBh pBsk powerdvadable DfiderPutedl | . the
wat er contact angl e neasurenents illustrate the transformation of the

initial hyendippreoinpapsotly sesists i qtaaiaings grongar sisfing of the filmise thesur f ace as 3o
provi ded lg}fbéutl?e &%Woﬁ%@g h;x&g' th& gﬁrﬁ@g%rage power CW conditions.

10

For a given RF peak power, an increased retention of the ether content (C-O
functionality) of the plasma generated coating is observed as the plasma duty cycle
is reduced when working with a given monomer. Alternatively, the chemistry of the
coating composition may be varied under pulsed conditions by working at a single

15 plasma duty cycle, but varying peak powers. There is an increased incorporation of

| C-O functionality in coating compositions as the peak power is increased. The
plasma generated film composition can be varied by changing the plasma on to
plasma off pulse widths, at a fixed ratio of plasma on to plasma off times and at a
fixed RF peak power.

20

, The chemical composition of the films of this invention may be varied

during pulsed plasma deposition, by varying the peak and average powers, the
duration of the plasma on and plasma off pulse widths when working at a constant
average power, and the average power. To produce a coating composition with the

25 preferred ratio of C-O functionality to C-C functionality, it is preferred that the
Average Power of the pulsed plasma deposition is less than about 100 Watts, moze-.
preferably less than about 40 Watts, most preferably less than about 10 Watts. -The
highest ratios of C-O functionality to C-C functionality can be obtained when the
Average Power is about 1 Watt and less which provides the most non-fouling and

30  wettable coating compositions; however, depending on the coating materials,

typically when the coating materials are applied at an Average Power around 0.5



- a s ~a~ zaa3 ~z TAB LE 1 5 SurfaceAdvancing Angle (deg. )Uncoatod Lens133 ~d
8Coated Lens78 b' 4 Exanple 2 An air driced, silicone hydrogel @ qﬁg

first was .treated with argon plasma in continuous wave node at 1 &

‘m nutes on each side. The argon pressure was 0.25 torn The | ens was treated

in 1-vinyl-2-pyrrolidone (Lancaster) plasma in a pul sing node of 10 ns on
and 200 ns off at 100w for 15 m nutes on to each side. The

1-vinyl -2-pyrrolidone vapor pressure wa8 kept at 0.08 tort. The grafted

| ens was washed with saline solution and stored in saline solution for
testing. The results of dynam c contact angle testing are shown on Table 2.
TABLE 2 15 SurfaceAdvanci ng Angl e (deg.)Unooated Lens13 3 "d 866b' 8 Exanple

3 An air drigfh o?'lééscl‘ﬂg‘ﬁdﬁ%ﬂfn(}ﬂ%e &ﬁﬂh@%mb@ﬂﬁoﬂ {d thé siyfice nidyPeado Wi t h ar gon

pl asma i n continuous’ wave node at 100w for 5 minutes on each side. The
argon 2o pra&akucebmaseﬁﬂ febantyqpurpos€he | ens rhea was treated in N,

N -di met hyl acryl am de (Jarchem) plasma in a pulsing node of 10 nms on and
200 nms off at 100w for 15 minutes on each side. The 1-vinyl-2-pyrrolidone

vapor pressure K@PBfﬁRvePAQgra E’PBwefr&ﬁxdﬂio?xfstiWedseﬂﬁre%eﬁﬁsdfed Wi th

saline solution ang stored 1n saline solution for testing. The results of.
dynami ¢ conﬁawnoaﬂggreupseetgl etberanﬂs,sthgalbmeﬁ@ le@@nerggtledepos:t!em~ | 3

TABLE 3 Surfac Advan(i ﬁ%@ coat ed hﬁg 133@% (}oat eﬁl ns68 " d
4 Exanpl e 4CARHPRS #rlp aV§ bof plE "IGNCOETALATION Trrd® PO % eat ed
Wi th argon the underlying substrate. Thus, the plasma coating process involves somewhat of a
10 compromise between retention of monomer integrity in the plasma generated film
and the strength of the adhesion between the coating and the solid substrate. In the
case of contact lenses, the adhesion and overall stability of the coating composition

to the lens substrate is an extremely important consideration.

15 A preferred method of applying the coating compositions to the surface is by
gradient layering pulsed plasma deposition, which can be used to maximize the
adhesion of the coating composition and the functionalities present in the coating
composition. This method is described further in U. S. Patent Application Serial
No. 08/632,935. In this process, an initial high power, high plasma duty cycle is

20 employed to graft the plasma generated coating composition tightly to the
underlying substrate. The plasma duty cycle is subsequently decreased in a
systematic manner, 'with each decrease resulting in an increased retention of the C-O
functionality in the coating. The process is terminated when the exterior film layer
has reached the desired composition. The succession of thin layers, each differing

25 slightly in composition in a progressive fashion from the preceding one, results in a
significantly more adhesive composite coating composition bonded to the substrate
than coatings deposited without adjusting the deposition conditions under a

relatively lower plasma duty cycle.

30 Gas-phase depositions, particularly plasma depositions, provide coating

effective amounts of coating or amounts sufficient to increase the hydrophilic



. plasma in continuous wave node on each side. The lens is treated in vinyl
acetate plasma in a pul sing node on each side. The grafted | ens gf%ﬁ?@ﬂﬁi

Wi th saline solution and stored in saline solution for testing. ,
silicone hydrogel 10 lenses are surface grafted with vinyl acetic acid,

acrylic acid, or 3,3-dinethacrylic acid using the same techni que. The

| enses show a significant wettability inprovenent over uncoated silicone
hydr ogel | enses. 0 6 MQY 2003 Wat islainmed is: 14 1. A device
conprising at |east one surface having a coating effective anobunt of a
coating conposition, said coating conposition being formed by the gas phase
5 polynerization of a gas conprising at | east one nononer, said nononer

sel ected f rgﬁar&?@riﬁirc%‘ﬂﬂmecsgﬂﬁéétlfﬁ%aﬂﬁr SlichYtbatigs'ap¢ bftkubstantidlly uniform

N -di met hyl acryl am de, ethyl ene choTL vinyl acetate, vinyl acetic acid,
acrylic aci thickhess ajidrrétahymatysloitgatém thickagss ofithe eating cpmpagtion 5 abpuk devi ce

f clai 1, L n the devi [ ' di | ' [ f
oLt m 2 Sndr e S s grosaurecshty B g A BT B, AN i prbtergly 1BOIEE, 0L

| ai [, wh ' ; RV | j ' : el dut

cyal o of 1odsaidhl i, O IBRT SHEANERACcS Sha CBidlaBRP BEE Bepatidty T A0LY (o
100 cosec amgkthdiempy beeontasted withihicknesb contrdlbility peoblems @@oonteredasingS. The

device of claim 1, wherein the gas. phase_pol ri zatjon ., high voltage

di schar ge, psemenshy disglesed ynethads &Xﬁméﬁe ﬁ@rﬂ"ﬁ%ﬁ}‘%&&i%ﬁﬁ%ﬂ 8 plasma 20
pol yneri zat i . i | ' R Wi m iR ot qf . 6.
The devi ce (% Qﬁtg?%ir%t%glggm?ﬁé%@a@ gdggg)r%p%‘g} tion 1|8§ ar agi g%{\%l ayered
by, syst enmt iplgsmaydupcycheaidrfixet meondutey poessire aod flolweratgas phase

pol ymeri zation. 2s 7. A contact |lens conprising at |east one surface having
a coating effective anount of a coating conposition, said coating

conposi tion bei norfeQloBEiths kY i vemfoniiafease B h)BropKifit (chiratler of heS
conprising at | east one nononmer, said nonomer Selected fromthe group

consi sting cfurfaée) phrtioylarly of siufeces that ate bydeophobiafe.g. pelysiloxaaes)y Tpe gl ycol ,
VY1 ARl g Y Byl BSELLE 801l nfthl ik ot IR |

15 increase as the oxygen content of the plasma generated coating compositions

increased.

The surfaces with coating compositions of this invention are suited for
contact lenses and other biomedical devices. The coating compositions exhibit good
20 adhesion, high wettability, high oxygen permeability, and excellent transparency in
) the visible region of the electromagnetic spectrum when deposited on polymer
| surfaces. The adhesion of the coating compositions to these surfaces is sufficiently

strong to resist delamination.

25 Thus the coating composition of this invention satisfies the stringent criteria
listed above to improve the biocompatibility of contact lenses. The emphasis in this
invention has been placed on the contact lenses; however, those skilled in the art will
recognize that the highly wettable, biologically non-fouling, transparent coatings of
this invention are useful for various other applications (e.g., other biomedical

30 devices, biosensors, detectors deployed in marine environments, membranes, tissue

culture growth, implants, etc.).



. 30 acid and m xtures thereof. d ~ C~~ Q03 is 8 The contact |ens of

claim?7, wherein the nononer is vinyl pyrrolidone. 9 The contact rB
‘claim7, wherein the nononer is N, N s dinethylacrylam de. 10. Thz Mt@@t
lens of claim?7 wherein the nmononer is ethylene glycol. 11. The contact
lens of claim7, wherein the nononmer is vinyl acetate. 10 12. The contact
|l ens of claim7, wherein the nononer is vinyl acetic acid. 13. The contact
| ens of claim7 wherein the nononer is;pcrylic acid. is 1~. The contact
| ens of claim8, wherein the nononer |s 3,3-dinethylacryGec acid. 15. A
met hod for manufacturing devices conprising contacting at |east one surface
of a device wi tThifeflioneilEbd dlaiified fitienby acfonsideration ofthe folfpyang,i on, 20
wherein the coating conposition is fornmed by the gas phase pol yneri zation
of a gas conpdumtmgemnl@ast one nononer, said nononer selected fromthe
group consi sting vinyl pyrrolidone, N, N - di net hyl acryl am de, ethyl ene
glycol, vinyl acetate, vinyl acetic acid, acrylic acid, 3,3-dinethylacrylic
acid and m xtures thereof. 2s 16. The process of claim 15, wherein the
device is a bionedical device. 17. The process of claiml1l s, wherein the
bi omedi cal device is a contact |ens.Examplese process of claim1l1l s, wherein
t he gas phase polynerization is pulsed 30 having a duty cycl e of Iess t han
about I/s in which the plasnma on tinme is about 10 sec to 100 nsec and the
pl asma of f ti ne Waterbstitict dAfle nasiremeafiOvere swsasured\@sing dynamic (modified
A U@ . Afy. AKYAAAgAu A Aa. Ad9h. A(s. Aa&! | As Af"%yn&eg@AKX
Wilhelmy plate) met ods for coated and uncoated surfaces amic measurements
10 were made using surfaces immersed in succession in a saline solution. Advancing
contact angles were measured under dynamic conditions. The dynamic
measurements were each repeated four times as the sample was cycled up and down,

with the average value being recorded for these four measurements.

15 Example 1
An air-dried silicone hydrogel contact lens was first treated with argon
plasma in continuous wave mode at 100w for 5 minutes on each side. The argon
plasma pressure was at 0.25 torr. The lens further was treated in ethylene glycol
(Aldrich) plasma in a pulsing mode of 10 ms on and 200 ms off at 100w for 15
20 minutes on each side. The ethylene glycol vapor pressure was kept at 0.086 torr.
J The grafted lens was washed with saline solution and stored in saline solution for

testing.

The advancing contact angles are shown on Table 1. The dynamic wetting
25  studies reveal consistently lower contact angles for the coated surfaces with the
surface wettability being appreciably better than the uncoated lens.

Overall, the water contact angle measurements illustrate the transformation
of the initial hydrophobic polymer surface to a hydrophilic wettable surface as
30 provided by the plasma depbsited coatings.
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pressure was 0.25 torr. The lens was treated in 1-vinyl-2-pyrrolidone (Lancaster

plasma in a pulsing mode of 10 ms on and 200 ms off at 100w for 15 minutes on
10 each side. The 1-vinyl-2-pyrrolidone vapor pressure was kept at 0.08 torr. The
grafted lens was washed with saline solution and stored in saline solution for testing.

The results of dynamic contact angle testing are shown on Table 2.

TABLE 2
Surface Advancing Angle (deg.)
Uncoated Lens 133Vv8
Coated Lens 66 V 8
f 15
Example 3

An air dried, silicone hydrogel contact lens first was treated with argon
plasma in continuous wave mode at 100w for 5 minutes on each side. The argon
20  pressure was 0.25 torr. The lens then was treated in N, N’-dimethylacrylamide
(Jarchem) plasma in a pulsing mode of 10 ms on and 200 ms off at 100w for 15
minutes on each side. The 1-vinyl-2-pyrrolidone vapor pressure was kept at 0.08
torr. The grafted lens was washed with saline solution and stored in saline solution
for testing. The results of dynamic contact angle testing are shown on Table 3.

25
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s Example 4 _

An air-dried, silicone hydrogel contact lens first is treated with argon
plasma in continuous wave mode on each side. The lens is treated in vinyl acetate
plasma in a pulsing mode on each side. The grafted lens is washed with saline
solution and stored in saline solution for testing. Similarly, silicone hydrogel

10 lenses are surface grafted with vinyl acetic acid, acrylic acid, or 3,3-dimethacrylic
acid using the same technique. The lenses show a significant wettability

improvement over uncoated silicone hydrogel lenses.
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1. A device comprising at least one surface having a coating effective amount

of a coating composition, said coating composition being formed by the gas phase

5 polymerization of a gas comprising at least one monomer, said monomer selected
from the group consisting of vinyl pyrrolidone, N, N’-dimethylacrylamide, ethylene

glycol, vinyl acetate, vinyl acetic acid, acrylic acid, 3,3-dimethylacrylic acid, and

mixtures thereof.
10 2. The device of claim 1, wherein the device is a biomedical device.
3. The device of claim 2, wherein the biomedical device is a contact lens.

4, The device of claim 1, wherein the gas phase polymerization is pulsed
15 having a duty cycle of less than about 1/5 in which the plasma on time is about 10
psec to 100 msec and the plasma off time is about 100 psec to 2000 msec.

5. The device of claim 1, wherein the gas phase polymerization is high voltage
discharge, radio frequency, microwave, ionizing radiation induced plasma

20 polymerization, photo induced polymerization or a combination thereof.

6. The device of claim 1, wherein the coating composition is gradient layered
by systematically decreasing the duty cycle of the gas phase polymerization.

25 7. A contact lens comprising at least one surface having a coating effective
amount of a coating composition, said coating composition being formed by the gas
phase polymerization of a gas comprising at least one monomer, said monomer
selected from the group consisting of vinyl pyrrolidone, N, N’-dimethylacrylamide,
ethylene glycol, vinyl acetate, vinyl acetic acid, acrylic acid, 3,3-dimethylacrylic

30 acid and mixtures thereof.
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10.  The contact lens of claim 7 wherein the monomer is ethylene glycol.

11. The contact lens of claim 7, wherein the monomer is vinyl acetate.
10

12.  The contact lens of claim 7, wherein the monomer is vinyl acetic acid.
13.  The contact lens of claim 7 wherein the monomer is acrylic acid.

15 14.  The contact lens of claim 8, wherein the monomer is 3,3-dimethylacrylic
acid.

15. A method for manufacturing devices comprising contacting at least one
surface of a device with a coating effective amount of a coating composition,

20 wherein the coating composition is formed by the gas phase polymerization of a gas
comprising at least one monomer, said monomer selected from the group consisting
vinyl pyrrolidone, N, N’-dimethylacrylamide, ethylene glycol, vinyl acetate, vinyl
acetic acid, acrylic acid, 3,3-dimethylacrylic acid and mixtures thereof.

25 16.  The process of claim 15, wherein the device is a biomedical device.

17.  The process of claim 15, wherein the biomedical device is a contact lens.

18.  The process of claim 15, wherein the gas phase polymerization is pulsed
30 having a duty cycle of less than about 1/5 in which the plasma on time is about 10
usec to 100 msec and the plasma off time is about 100 psec to 2000 msec.
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